Celiac disease (CD) is an autoimmune disorder caused by intolerance to dietary gluten. The interleukin (IL)-17 and IL-22 function as innate regulators of mucosal integrity. Impaired but not well-understood kinetics of the IL-17/22 secretion was described in celiac patients. Here, the IL-17 and IL-22-producing intestinal cells were studied upon their in vitro stimulation with mitogens in class II major histocompatibility complex-defined, gluten-sensitive rhesus macaques. Pediatric biopsies were collected from distal duodenum during the stages of disease remission and relapse. Regardless of dietary gluten content, IL-17 and IL-22-producing cells consisted of CD4+ and CD8+ T lymphocytes as well as of lineage-negative (Lin−) cells. Upon introduction of dietary gluten, capability of intestinal T cells to secrete IL-17/22 started to decline (p < 0.05), which was paralleled with gradual disruption of epithelial integrity. These data indicate that IL-17/22producing cells play an important role in maintenance of intestinal mucosa in gluten-sensitive primates.
Introduction
CD is an autoimmune disease characterized by production of antibodies against tissue transglutaminase 2 (TG2) -an intestinal enzyme that plays a multitude of roles including dietary gluten deamidation [1, 2] . In individuals with major histocompatibility complex class II (MHC II) alleles DQ2 or DQ8, deamidated gluten residues trigger the CD4+ T-cell-mediated humoral and cellular immunity that can lead to chronic inflammation of not only small intestine but also other organs [3, 4] . Histopathologically, CD appears as glutensensitive enteropathy (GSE) of small intestine that leads to damaged epithelium and partial or complete villous atrophy. We recently established the non-human primate (NHP) model of CD [5] [6] [7] [8] [9] [10] . The presence of TG2 autoantibodies and gluten-sensitive enteropathy (GSE) was described. Remission and relapse of GSE can be accomplished in this model by the feeding of gluten-free (GFD) and gluten-containing (GD) diets, respectively. Consistent with human CD, GSE in macaques is characterized, by wide range of severity, from the subclinical to severe form that includes decreased resorption of nutrients, decreased xenobiotic metabolism and cancer predisposition [5, 9] . Despite demonstrated involvement of TG2 in rhesus GSE, it is unknown whether the particular rhesus major histocompatibility complex class II (Mamu II) alleles trigger the T cell and cytokine responses analogous to human CD [11] [12] [13] [14] [15] . While interferon-gamma (IFN-γ) is secreted by celiac T cells [16] and it is capable of activating TG2 via the phosphatidylinosinol-3-kinase pathway [17] , IL-17 and IL-22 cytokines are thought to function as innate regulators of mucosal integrity [18] . Impaired but not well-understood kinetics of IL-17/22 cytokine secretion was described in celiac patients [19] [20] [21] [22] . In accord with epithelial integrity maintaining function of IL-17 and IL-22, we hypothesized that introduction of dietary gluten to TG2-antibody positive macaques will disrupt capability of intestinal lymphocytes to secrete these cytokines and lead to changes in intestinal tissue architecture.
Material and methods

Ethics approval
This study was performed with non-human primates. Ethics approval for veterinary procedures had been obtained from the Tulane University Animal Care and Use Committee, Animal Welfare Assurance A-4499-01. All veterinary procedures were performed only with sedated animals. Animal welfare and steps were taken to ameliorate suffering in accordance with the recommendations of the Guide to the Care and Use of Laboratory Animals (NIH) 78-23 (Revised, 1996).
AGA, TG2 antibody and MHC assays
Based on the prevalence of gluten sensitivity within the captive rhesus macaque population at the Tulane National Primate Research Center, ~100 randomly selected animals need to be tested for the presence of anti-gliadin antibodies (AGA) as well as TG2 antibodies [8] in order to identify one gluten-sensitive animal with CD-like symptoms. In this study, AGA and TG2 antibody-specific Enzyme-Linked Immuno Assays (ELISAs) were performed as described [5, 6] to measure both antibodies in plasma from 1500 candidate rhesus macaques. All animals were Specific Pathogen-Free Indian Rhesus macaques, seronegative and virus negative for simian retrovirus type D, seronegative for simian T lymphotropic virus type 1, Simian Immunodeficiency Virus and herpes B viruses, and free of selected enteric pathogens [23] . All tuberculin skin tests, which were performed semi-annually, were negative for each animal involved. One ml of EDTA blood was collected from each animal during the semi-annual colony health maintenance inspections to extract the plasma and DNA [5, 6] . Upon completion of AGA and TG2 assays and analysis, DNA samples from 50 TG2-AGA−, 31 TG2-AGA+ and 18 TG2+AGA+ antibody-defined macaques were selected for genetic evaluation of their rhesus MHC class II (Mamu II) composition as described previously [9, 24] .
Rhesus macaques
Six TG2-antibody positive macaques and six healthy controls (Table A. 1) were studied for the impact of dietary gluten on rhesus macaque intestinal IL-17 and IL-22 productions.
Gluten-free (GFD) and gluten-containing (GD) diets were used [8] : GD is equivalent to "Purina Monkey Chow" that is routinely used to feed the captive NHPs. GFD was formulated as before [5] . Consistent with past studies where GFD was used to accomplish the immunological and clinical remission [5, 8, 9] , GFD was fed to six gluten-sensitive animals. Remission was characterized by return of AGA and TG2 antibodies to baseline levels, no diarrhea, bloating or dehydration, and no (or only minimal) inflammation of small intestine. As these (CD-like) symptoms were not anticipated nor observed in control animals, only GD was fed to control group. Samples of peripheral blood and small intestine were obtained at a single time point from control macaques and at four time points from gluten-sensitive macaques: at the time of immunological remission, and at 5, 21 and 55 days following the initiation of GD.
Intestinal biopsy and peripheral blood samples
Biopsy samples of distal duodenum/proximal jejunum and peripheral blood were obtained as described [8] . Intestinal samples were divided and processed for the histopathological and confocal microscopy evaluation, for lamina propria lymphocyte isolation, in vitro stimulation and flow cytometry, while peripheral blood was used to obtain plasma.
Cell isolation and processing
Mononuclear cells from small intestinal tissues were isolated and processed as previously described [25, 26] . Briefly, biopsy samples were collected from the distal duodenum and processed immediately for intestinal lamina propria lymphocyte (LPL) cell suspensions using the enzymatic digestion method.
Phenotyping
Flow cytometry for surface and intracellular staining of intestinal LPLs was performed using the standard protocols [26] . Cells were stained with antibodies from BD Biosciences Pharmingen (San Diego, CA) unless otherwise noted: CD3 (SP34), CD4 (L-200), CD8α (3B5, Caltag Laboratories, Burlingame, CA), CD14 (M5E2), CD20 (L27), IL-17 (eBio64CAP17, eBioscience, San Diego, CA), and IL-22 (IL22JOP, eBioscience, San Diego, CA), and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen, Grand Island, NY). In order to detect IL-17 and IL-22 cytokines, lymphocytes were stimulated in vitro with 0.1 μM PMA and 0.5 μg/ml ionomycin (Sigma-Aldrich, St. Louis, MO) as described [26] . Samples were resuspended in BD Stabilizing Fixative (BD Biosciences), and data was acquired on a FACSAria flow cytometer (Becton Dickinson, San Jose, CA). Data was analyzed with Flowjo software (Tree star, Ashland, OR).
Confocal microscopy
Fresh jejunum biopsy tissues were obtained from rhesus macaques and cultured in complete RPMI medium (10% heat inactivated fetal calf serum, 1-glutamine, penicillin and streptomycin; Invitrogen) either alone or with 100 ng/ml PMA plus 0.5 mg/ml calcium ionophore (stimulation medium) for 4 h in the presence of 2 μM monensin (Sigma) to block protein transport and release, in order to detect IL-17+ and IL-22+ cells as described previously [26] . In brief, tissues were embedded and snap frozen in optimum cold temperature compound (OCT) and 7 μm frozen sections were stained using unconjugated primary antibodies (IL-17, eBio64CAP17; IL-22, IL22JOP, eBioscience, San Diego, CA) followed by appropriate secondary antibodies conjugated to Alexa 488 (green) or Alexa 568 (red) (Molecular Probes, Eugene, OR). Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped with three lasers (Leica Microsystems, Exton, PA). Individual optical slices representing 0.2 μm and 32 to 62 optical slices were collected at 512 × 512 pixel resolution. NIH Image (version 1.62, Bethesda, MD) and Adobe Photoshop (version 7.0, San Jose, CA) were used to assign colors to the channels collected: HNPP/Fast Red (Roche, Indianapolis, IN), which fluoresces when exposed to a 568-nm wavelength laser, appears red; Alexa 488 (Molecular Probes) appears green.
Histopathological evaluation
Tissue architecture of small intestinal biopsy samples was microscopically evaluated following the hematoxylin and eosin (H&E) staining, as described [5, 8, 9] .
Statistical analysis
Graphical presentation and statistical analysis of the cytokine-producing cell data were performed using the GraphPad Prism 4.0 (GraphPad Software, San Diego, CA). Comparisons between the groups were done by a one-way ANOVA and a non-parametric Mann-Whitney T-test. The values of p < 0.05 were considered statistically significant. The Fisher's Exact Test analysis was used to determine if any of the Mamu II alleles were associated with TG2 antibodies in gluten-sensitive and control macaques.
Results
Immunogenetic and histopathological evaluation
The six gluten-sensitive rhesus macaques and six healthy controls were used in this study (Table A. 1) . All six gluten-sensitive macaques responded to dietary gluten with production of AGA and TG2 plasma antibodies. Based on DNA analysis of their Mamu II (rhesus MHC II) three out of six gluten-sensitive macaques carried DQA1*01:05:01/DQB1*06:02 allelic pair. This particular allelic pair was associated (p = 0.008) with the presence of TG2 antibodies ( Fig. 1 ). Consistent with clinical manifestations of CD in human patients [27] , clinical and histopathological symptoms of rhesus GSE did not exhibit the same intensity in every animal (Table A. 1) . Administration of GFD to gluten-sensitive macaques for three consecutive months was sufficient to improve the small intestinal histopathology (Figs. 2A-B) as well as to decrease the AGA and TG2 antibody levels (Fig. 2C ). Above-mentioned variability in responses of individual gluten-sensitive macaques was reflected by relatively high standard-error-bars representing these antibody responses. Despite such variability, group differences between gluten-sensitive and control animals were significant (Fig. 2C ). Administration of GD to control animals had no impact on intestinal histopathology or AGA and TG2 antibody levels (Figs. 2A-C).
Characterization of small intestinal IL-17+ and IL-22+ cells
To define the intestinal IL-17+ and IL-22+ cells, duodenal LPLs of healthy control rhesus macaques were isolated, stimulated with PMA and ionomycin, and stained by use of IL-17 and IL-22 antibodies ( Fig. 3 ). Both IL-17+ and IL-22+ cells were present within the gated lymphocyte-size cell population. The IL-17+ and IL-22+ cells were further defined by live/ dead, CD3, CD4, CD8, CD14 and CD20 cell antibodies (Fig. 3 ). The population of interest (R2) contained not only IL-17+ but also IL-17+IL-22+ double positive cells (3.46%). The single positive IL-17+ and IL-22+ lymphocytes accounted for 4.81% and 3.89%, respectively. Besides typical T cells (R4), additional phenotypes such as monocytes/B lymphocytes (R3) and heterogeneous lineage negative or Lin− (R5) cells also secreted IL-17 and IL-22 ( Fig. 3) . Notably, the Lin− (R5) and T (R4) cell populations contained comparable proportions of IL-17+ and IL-22+ cells. Consistent with the above capability of mononuclear cells to produce the IL-17 and/or IL-22, the Lin−, CD3+ (CD4+ and CD8+) populations, all contained single positive IL-17+/IL-22+, as well as double positive IL-17+IL-22+ cells. These proportions of IL-17+/IL-22+ cells within the lymphocyte and Lin− subsets suggest that IL-17 and IL-22 cytokines play an important role in intestinal immunity while evoking individual and combined effects. Isotype controls for both IL-17 and IL-22 did not yield any significant proportions of positive cells (Fig. 3 ).
Introduction of dietary gluten leads to decreased production of intestinal IL-17+ and IL-22+
Once the remission, characterized by lowered levels of AGA and TG2 antibodies and absence of clinical symptoms was accomplished in gluten-sensitive macaques, duodenum biopsy samples were obtained, lamina propria lymphocytes (LPLs) were isolated and in vitro stimulated with PMA and ionomycin. Without such stimulation, IL-17 and IL-22 were undetectable at the spontaneous (in vivo) state. Additional biopsies were obtained after animals were placed on GD for 5 and 21 days (Fig. 4A ). All cell populations involved in IL-17 and IL-22 secretion including the lymphocyte, Th (CD4+), Tc (CD8+), and Lin− populations were fewer in numbers with progression of time after initiation of GD (Fig. 4A) . The Th17, Tc17, Th22 and Tc22 were significantly reduced by days 5 and 21 (p < 0.05), compared with GFD time point or healthy control animals (Fig. 4B ). Consistent with our past reports [5, 8, 9] , the differences between healthy controls and gluten-sensitive macaques while on GFD were measurable but not prominent. In contrast, the IL-17/IL-22-producing cells including the whole lymphocytes, Th17, Tc17, Th22, Tc22 and Lin− cells were significantly lowered by day 5 of GD (p < 0.05) and further decreased by day 21.
Distribution of intestinal IL-17+ and IL-22+ cells
To support the flow cytometry findings and to visualize the changes in proportions of IL-17+/IL-22+ cells in duodenum lamina propria of gluten-sensitive macaques, the biopsy tissues were immunohistochemically processed and evaluated by confocal microscopy. Both of the IL-17+ (green) and IL-22+ (red) cells were found (Fig. 5 ). In case of tissues that were obtained from GFD-fed animals, the IL-17+, IL-22+ and IL-17+IL-22+ cells could be identified readily while extensive loss of these cells was observed in the same tissues during the GD-induced relapse period (Figs. 5A-B ).
No change in the total counts of intestinal CD4+ and CD8+ cells
In order to determine if the decreased counts of IL-17+ and IL-22+ T cells in duodenum of gluten-sensitive macaques affected the total counts of CD4+ and/or CD8+ T cells, flow cytometry phenotyping of intestinal LPLs was performed with cells obtained from glutensensitive and control macaques (Figs. 5C-D). The total % of CD4+ and CD8+ T cells was not affected by dietary changes confirming that decrease in IL-17/IL-22-producing cells was not overall but it was linked to specific cell subsets (Figs. 5C-D).
Discussion
An extensive body of evidence has emerged during recent years concerning the role of IL-17 and IL-22 cytokines in the maintenance of mucosal integrity [18, 19, 21, 28, 29] . Although both IL-17 and IL-22 play roles in adaptive immunity, their functions in mucosal immunity are proinflammatory and tissue protective, respectively [30, 31] . While Th cells were identified as a major source of IL-17/22, the Tc, NK, neutrophil and γδT also were described as additional sources [32, 33] . Both IL-17 and IL-22 are thought to be involved in initiation of autoimmune diseases such as rheumatoid arthritis [34] , multiple sclerosis [35] , systemic lupus erythematosus [36] and inflammatory bowel disease [37] . As perturbed expression of autoimmunity-related genes in gluten-sensitive rhesus macaques was recently demonstrated by our group [9] , the main objective of this study was to elucidate what role, if any, IL-17 and IL-22 played in GSE. The NHP model of GSE was used due to its availability and capacity to recapitulate remission and relapse stages by feeding the glutenfree and gluten-containing diets, respectively. In accord with epithelial integrity maintaining function of IL-17 and IL-22, it was expected that development of gluten-sensitive enteropathy will be associated with perturbed production of these cytokines. Recently, studies with HIV-infected patients and SIV-infected NHPs have shown that reduced Th17 compartment due to infection is predictive of dissemination of microbial products from the intestine, increased systemic immune activation, and disease progression [38] .
Analogous studies on the roles of IL-17 and IL-22 in celiacs have yielded mixed results [19] [20] [21] [22] . In one study, gluten reactive duodenal T cells were obtained from celiac patients after an oral gluten challenge [19] . It was concluded that gluten-reactive T cells produced IFN-γ but no or very little IL-17 [19] . In another study that focused on direct detection of gliadin specific Th17 cells in untreated celiac patients, elevated numbers of both IL-17 and IL-22 producing cells were found in small intestinal mucosa [21] . In contrary, another study that focused on intraepithelial lymphocytes found reduced levels of IL-17A secretion in celiac patients on GD in comparison with patients on GFD [22] . No association was observed between the IL-17 production and histopathology. It is important to note that latest study measured IL-17A production by T cells that were in vitro stimulated with PMA/ionomycin mitogens -consistent with widely used methodology for intracellular cytokine detection [22] . It appears from these studies that depending on specificity of antigen used for in vitro stimulation, IL-17 production by intestinal T cells from celiac patients can vary [19] [20] [21] [22] . Considering that intestinal T cells are encountering plethora of dietary and microbial antigens, it is likely that immune function of these cells is often immunosuppressive (oral tolerance) rather than immunostimulatory. Taken together, these studies underscore the value of a NHP model to study the gluten-dependent mucosal changes. NHP model as a research tool allows synchronized administration of GFD as well as multiple time point collections and thorough evaluation of intestinal tissues. Important similarities between the NHP/GSE system and human CD involve biomarkers such as AGA and TG2 antibodies, interferon-gamma (IFN-γ) secretion by gliadin-specific T cells (Fig. A1) , villous atrophy, symptoms of diarrhea and dehydration, and reverse nature of these symptoms by adherence to GFD. Individual variability of GSE in NHPs is consistent with CD manifestations where majority of cases are subclinical while it is not well understood what environmental or intrinsic factors trigger the transition of subclinical to clinical form [27] .
It was determined that the severity of GSE is in gluten-sensitive but not in healthy control macaques directly linked with number of intestinal IL-22+ cells. These findings are consistent with results from IL-22 knockout mice experiments, which demonstrated that diminished function of IL-22 causes increased intestinal epithelial damage, systemic bacterial infection and mortality [39] . An important unresolved question remains why production of both IL-22+ and IL-17+ cells decreases progressively in gluten-sensitive individuals after introduction of dietary gluten. A possible clue might come from studies that evaluated the benefits and detriments of IL-17 and IL-22 production in hosts with chronic GI bacterial infections. These studies imply that long-term IL-17/22-mediated intestinal inflammation is unfavorable because it promotes accumulation of metal ions like zinc and manganese, which function as essential micronutrients for bacteria [18] . It follows that accumulation of intestinal bacteria due to IL-17/22 production is not beneficial -due to potential displacement of normal GI microflora. Such a scenario may be particularly problematic in individuals with leaky gut. Furthermore, others have suggested that intestinal dysbiosis might be one of the predisposing factors for development of CD [40] . The fact that decreased production of IL-17 and IL-22 cell paralleled the progression of GSE and TG2 antibody responses is in agreement with reports that indicate that IL-17 synergizes with IL-22 to provide protective role of mucosa-associated tissues against extracellular pathogens by inducing the production of anti-bacterial peptides and/or anti-apoptotic signals [41] [42] [43] [44] . Taken together, we propose that decreased production of IL-17 and IL-22 is in gluten-sensitive macaques associated with appearance of damaged epithelium and decreased function of small intestine (Fig. 6 ).
Due to the large number of macaques prescreened serologically for AGA and TG2 antibodies as candidates for this study, it was possible to identify 50 TG2-AGA−, 31 TG2-AGA+ and 18 TG2+AGA+ antibody-defined macaques for DNA analysis and genetic evaluation of their Mamu II composition. Based on the assumption that elevated TG2 antibodies are accurate indicators of CD, the two Mamu II alleles (an allelic pair) that were identified to be statistically associated with TG2+ antibodies were DQA1*01:05:01 and DQB1*06:02 ( Fig. 1) . Three out of 6 gluten-sensitive animals were carriers of these alleles while all 6 had TG2 antibodies and were also responsive to dietary gluten by AGA (Table A. 1) . The fact that not all of the TG2+ macaques were carriers of above two alleles likely reflected the differences in polymorphism and high diversity of Mamu II in comparison to human MHC II (HLA II) [45, 46] . This is reflected by the fact that ~40% of TG2+ macaques were of DQA1*01:05:01/DQB1*06:02 haplotype which corresponds to ~90% of human HLA-DQ2. Therefore, it is the higher diversity of rhesus MHC II diversity and not the mechanism of immune response, pathogenesis or clinical symptoms that represents the main difference between rhesus and human form of celiac disease. The capability of DQA1*01:05:01/DQB1*06:02 alleles to bind with deamidated gliadin residues was to some extent similar with human DQ2 but entirely different with DQ8 ( Fig. A.2 ). Additional analyses of DNA samples from TG2+ macaques of Indian origin and T cell epitope mapping studies will provide additional clues. Although emphasis of this study was on innate immunity, our results also indicate that intestinal enzyme-digested gliadin can stimulate in vitro IFN-γ production by intestinal CD4+ and CD8+ T cells from gluten-sensitive macaques but not from controls (Fig. A1 ). Taken together, our findings suggest that NHP model of GSE represents a translation-able tool for evaluation of CD associated innate and adaptive immunity. The plasma samples from 1500 captive rhesus macaques of Indian subspecies were tested for the presence of TG2 and AGA antibodies. The DNA isolated from peripheral blood of 99 antibody-defined macaques (50 TG2−AGA−, 31 TG2−AGA+, and 18 TG2+AGA+) was used to determine the frequencies of 21 Mamu II DQA1*/DQB1* allelic pairs within each of the three groups. The 10 allelic pairs with frequencies >5% are shown. Based on Fisher's Exact Test analysis, DQA1*010501/DQB1*0602 pair was represented in TG2+ animals with significantly higher frequency (p = 0.008) than it was in rest of the macaques. From the presented data, it appears that allelic pair is present in 40% of TG2+ macaques vs. <10% in general population suggesting that there still might be additional, undiscovered predisposition alleles in macaques. 
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